We present the design, fabrication and measurement results of a comb-driven electrostatic scanning micromirror. Instead of a conventional micromirror having uniform thickness across the entire reflective surface, a diaphragm mirror plate supported by an array of diamond-shaped frame structures is fabricated monolithically. The fabrication process is a simple sequence of silicon deep etch processes on both sides of the silicon-on-insulator (SOI) substrate without the substrate bonding process. The micromirror is fabricated on the device layer of the substrate. The mirror plate undergoes a rotational motion by an electrostatic force between the movable comb electrodes connected to the micromirror and stationary comb electrode formed on the handle wafer. A scanning micromirror with a 10 µm thick diaphragm mirror plate, having a planar dimension of 1.5 × 1.5 mm 2 , supported by an array of 110 µm thick rhombic support frames, was fabricated and tested. A mechanical deflection angle of 8.5
Introduction
The micromirror has been a promising candidate in a wide variety of microphotonic applications, such as data display and read-out [1] [2] [3] , optical switching [4, 5] and optical measurement [6] . Barcode scanners [3] , raster scanning displays [1, 2] , laser printers [7] and confocal microscopy [6] are some of the well-known applications which can benefit from the adoption of the high-performance micromachined scanning micromirrors.
Several research groups have successfully demonstrated the scanning micromirrors for these microphotonic applications and others using various actuation mechanisms, including electromagnetic [6, 8] , electrostatic [3, 7, [9] [10] [11] and piezoelectric actuations [1, 12] . The electromagnetic actuation provides relatively large torque at the cost of increased volume due to permanent magnet integration and larger driving current.
A large force density at a low actuation voltage can be obtained by the piezoelectric actuation, whereas a complex fabrication process and structural deformation during the actuation are required for the thin-film piezoelectric material. In contrast, electrostatic actuators require a simple fabrication process and consume less power, but suffer from relatively small displacement and high actuation voltage. By utilizing the resonant mode actuation in vacuum environment, deflection of electrostatic actuators can be magnified substantially.
For micromirrors used in raster scanning display systems, the shape and the size of the mirror plate are directly related to Figure 1 . A schematic view of the scanning micromirror with a diaphragm mirror plate and diamond-shaped frame structures (the stator comb electrodes and honeycomb structure are not shown in (a)) [16] . (a) Perspective view of the mirror part and (b) cross-sectional view along line AB.
the critical performance criteria, such as display resolution and scan speed. A larger reflective surface area enables higher resolution at the cost of increased mass and inertia. A thicker mirror plate is required for a larger planar dimension of the mirror plate to reduce the dynamic deformation during actuation and to obtain a high-quality, diffraction-limited beam [13] . Nee et al proposed a stretched-film micromirror supported by a stiff rim structure at the circumference to obtain a fast scan speed up to tens of kilohertz without compromising the optical quality of the reflected beam [14] .
In this work, we have designed and fabricated a scanning micromirror comprising a 10 µm thick diaphragm mirror plate, whose planar dimension is 1.5 × 1.5 mm 2 , supported by an array of 110 µm thick rhombic-shaped reinforcement frames. The diaphragm mirror plate and the reinforcement frame are monolithically fabricated with a 120 µm thick device layer of a silicon-on-insulator (SOI) wafer.
Design
A schematic view of the designed micromirror is illustrated in figure 1 . To analyze the effect of the diaphragm mirror plate supported by an array of diamond-shaped frames, the designed micromirror was compared with conventional parallelepiped mirror having the same reflective surface area and resonant frequency by finite element analysis. Figure 2 shows the modal analysis result of the two models, and mechanical characteristics are summarized in table 1. Assuming that the resonant frequency and the reflective surface area are identical, the moment of inertia of the designed model is 44.5% compared to that of the conventional micromirror, resulting in 55.5% reduction of the spring constant. The dynamic deformation of the designed structure was also analyzed using the solid model used in modal analysis. Harmonic load to obtain an angular deflection of 5
• at resonant frequency was applied and the deformation of the reflective surface was observed. As shown in figure 3 , dynamic deformation behavior of the designed structure was distinct from that of the parallelepiped micromirror due to the complex threedimensional geometry and topology of the reinforcement frame, and 18.5% reduction of the dynamic deformation was predicted. The deformed reflective surface shape of the conventional parallelepiped micromirror was also different from that proposed by Conant et al [13] . The deformed surface could not be expressed with a single formula based on simple plate theory. The discrepancy can be ascribed to the existence of the wing structure supporting the movable comb electrodes and the planar geometry of the reflective surface. Honeycomb structures are added to the frame to further reduce the mass while maintaining the rigidity of the mirror [15] .
An electrostatic scanning micromirror with diaphragm mirror plate and diamond-shaped reinforcement frame • deflection angle) and (b) the designed micromirror (actuated at 19.55 kHz and 5
• deflection angle). 
Fabrication
The structure is monolithically fabricated with a SOI substrate. As shown in figure 4 , the fabrication process is a simple sequence of silicon deep etch processes on both sides of the substrate, without any structural material deposition or substrate bonding processes, such as anodic, flip-chip and fusion bonding [12] [13] [14] [15] 17] . The movable part, composed of the mirror plate and reinforcement frame, torsion beam and movable comb, is defined simultaneously during the two-step etch process with the 120 µm thick device layer of the SOI wafer. Patterned photoresist and oxide layers are used as etch masks for the two-step etch process. After the 10 µm deep initial etch process ( figure 4(b) ), the photoresist mask layer is removed and another 110 µm deep etch process is performed to simultaneously define the frame structure, mirror plate and movable comb electrodes. The thickness of the stator comb is 230 µm. The via holes for the electrical feed-through to the device layer are formed on the handle wafer of the SOI substrate during the stator comb etch process. The metal layer is coated on the reflective surface of the mirror plate (bottom side) at the final step of the fabrication process. Figure 5 shows the scanning electron microscope (SEM) image of the fabricated device. The surface profile of the fabricated reinforcement frames was measured using white-light interferometry. As shown in figure 6 , the thickness of the reinforcement frames ranged from 111 µm to 114 µm, due to a slightly higher etch rate of the silicon deep etch process at the acute angle corner. As the reinforcement frames and mirror plate diaphragm are fabricated with a single device layer of the SOI wafer, the variations in the thickness of the reinforcement frame result in the same amount of thickness variation in the mirror plate diaphragm. The depth of the honeycomb structure could not be measured precisely because of its high aspect ratio. The initial deformation of the micromirror after metal deposition on the reflective surface was also measured. A flat surface was obtained with maximum peak-to-valley deformations of 35 nm and 44 nm for X and Y lines on the image respectively, and a root-mean-square roughness of 10 nm was measured ( figure 7) . The surface flatness of the frame-supported diaphragm mirror plate, after reflective metal deposition, was indistinguishable from that of the conventional parallelepiped mirrors except at the mirror plate edges.
Experimental results and discussion
The fabricated micromirror was mounted on a printed circuit board (PCB) and tested (figure 8). As the reflective surface is formed at the bottom side of the device layer, the topside of the device layer is attached to the PCB. The electrical connection [16] .
to the movable part is made by wire bonding through the via holes formed on the handle layer of the SOI substrate. The fabricated micromirror is actuated using an integrated staggered vertical comb-drive actuator [13, 14] .
The frequency response of the mirror was measured with a laser doppler vibrometer (LDV) and dynamic signal analyzer. As shown in figure 9 , measured resonance frequency at atmospheric pressure is 19.54 kHz compared to the designed value of 19.49 kHz, which is predicted by the combination of the finite element analysis using ANSYS and the analytic method. The scan angle of the micromirror in vacuum environment was obtained by measuring the trajectory of the He-Ne laser beam reflected by the actuated micromirror. The deflection angle was calculated with scanned beam length and distance between the laser source and the micromirror. An optical scan angle of 16.9
• was observed at the pressure of 7 mTorr and at a resonance frequency of 19.55 kHz (figure 10). The estimated step resolution was ±0.015
• and accuracy was ±0.032
• . A quality factor of 4883 was obtained at 7 mTorr compared to that of 488 at atmospheric pressure, and a resonance frequency shift of 13 Hz was also observed. A sinusoidal voltage input of 100 V peak-to-peak generated with a small form-factor transformer and a dc bias of 50 V was applied between movable and stator comb electrodes for actuation.
The dynamic deformation of the mirror was measured using the LDV. The vertical displacements at 6 points on each side of the mirror have been measured and analyzed. At Figure 11 . Dynamic deformation of the micromirror at resonance. Reflective metal not deposited on the parallelepiped mirror [16] . (a) Deflection at resonance (diamond frame supported mirror) and (b) dynamic deformation. a mechanical scan angle of 0.6
• , a dynamic deformation of 267 nm was measured at the edges. The dynamic deformation at a different scan angle can be calculated by linear extrapolation, as the magnitude of the dynamic deformation is proportional to the scan angle of the micromirror. As Figure 12 . A schematic drawing of the prototype raster scanning display system. Figure 13 . Generated image captured with a digital still camera.
expected from the simulation results, the edge profile of the micromirror due to dynamic deformation was distinguished from that proposed by Conant et al. The experimental data in figure 11 (b) and the analytic fitting curve generated from the simple plate theory showed slight difference in the middle region between the rotational axis and the mirror plate edge. Measured magnitude of the dynamic deformation is much larger than that of the finite element analysis results shown in figure 3(b) . The discrepancy to the simulation is not yet understood.
A prototype of the raster scanning laser projection display system was developed using fabricated micromirror as the horizontal fast scanner and a galvanomirror as the vertical slow scanner, respectively. The scanners are placed inside a vacuum chamber with windows for laser beam input and output of the projected image ( figure 12 ). By hermetically packaging the fabricated scanning micromirror in vacuum environment, the quality factor magnification required for the horizontal scanner can be obtained without the vacuum chamber. As can be expected from the inherent nature of scanning micromirror, which provides a sinusoidal resonant scan motion, the projected image does not scale to the original image data ( figure 13 ). The distortion of the projected image due to sinusoidal horizontal scan, broadening of the central region of the horizontal scan line, can be removed simply by modifying the input data to linearize the scanned image. The input laser beam was modulated by a still image data fed into acousto-optic (AO) modulator. A 532 nm diode-pumped solid-state (DPSS) laser was used as the light source and a still image of SVGA resolution was obtained. A full color motion image display system can be obtained by adoption of a proper data management system and expansion of the system with additional red and blue laser sources and respective modulators for each source.
Conclusion
We have designed, fabricated and tested an electrostatic scanning micromirror with a diaphragm mirror plate supported by an array of diamond-shaped reinforcement frames. A mechanical deflection angle of 8.5
• at a resonance frequency of 19.55 kHz has been achieved at the pressure of 7 mTorr with an applied peak-to-peak voltage of 100 V. The fabricated micromirror was successfully combined with a galvanomirror inside the vacuum chamber to obtain a still image with a monochrome laser source. The diamond frame supported mirror structure is expected to enable a micromirror with a faster scan speed while maintaining an improved optical performance and rigidity in addition to the simple fabrication process.
